An approach to the electrostatic control of 90 • magnetization rotation in the hybrid structures composed of topological insulators (TIs) and adjacent ferromagnetic insulators (FMI) is proposed and studied. The concept is based on TI electron energy variation with in-plane to put-of plane FMI magnetization turn. The calculations explicitly expose the effect of free energy variability in the form of the electrically controlled uniaxial magnetic anisotropy, which depends on proximate exchange interaction and TI surface electron density. Combining with inherent anisotropy, the magnetization rotation from in-plane to out-of-plane direction is shown to be realizable for 1.7 ∼ 2.7 ns under the electrical variation of TI chemical potential in the range ± 100 meV around Dirac point. When bias is withdrawn a small signal current can target the out-of-plane magnetization instable state to the desirable direction of in-plane easy axis, thus the structure can lay the foundation for low energy nonvolatile memory prototype.
axis 90
• jointly with magnetization vector M. [2] [3] [4] In FM/piezoelectric hybrid structures such effect evokes the new paradigm of magnetization rotation in the electrical field. However it should be noted that the desirable piezo-effect in such structures requires large gate electric field, which indicates the need of searching for much stronger magnetoelectric effects in modern magneto-electronics.
Another approach relies on the effective magnetic fields H ex mediated by the proximate exchange interactions between surface magnetic ions and itinerant electrons (or holes) in semiconductors, 5 graphene, [6] [7] [8] [9] or topological insulators. 10,11 A distinctive feature of the H ex consists in its dependence on electron density at the interface of the electric channel and magnetic layers 12, 13 rather than on an electric current. This property of the H ex combines the magnetic and electric responses inside the new "meta-materials" in a strongly correlated manner that stems from the electrostatic and quantum mechanical nature of the exchange interaction.
Recent studies have demonstrated the electrical control efficiency of the proximate exchange interaction (PEI) between a magnetic layer and graphene for different spintronic applications. 2, 13, [15] [16] [17] [18] [19] As an example, the conductivity of the graphene sandwiched between ferromagnetic insulators (FMIs) reveals the giant magnetic resistance. 15, 19 On the other hand, the magnetization of FMI can be turned and even switched by electrical variation of the carriers density in adjacent graphene.
20
In present letter we explore the new prospects granted by topological insulators (TIs) and composite structures ( Fig. 1) This instability can be used for directional targeting of M by a current induced torque.
23
Small signal current is sufficient to tilt the magnetization to the desired direction and the following switch will be driven by the shape and intrinsic anisotropy terms. The possible design of nonvolatile memory and logic devices 25 can be realized on basis of these magnetic units.
Qualitatively the easy axis rotation can be thought as an effect of the electron energy reducing under exchange interaction with proximate FMI. When the magnetization is in the in-plane direction, the PEI results in a shift of the Dirac cones in the momentum space whereas an energy gap can be generated and the energy dispersion becomes non-linear for the out-of-plane orientation with M z = 0. To proceed the quantitative analysis let us consider a thermodynamical potential of TI electrons interacting with FMI,
where the sum involves electronic bands b and wave vector k, T is the temperature in energy units. We are interested in alteration of Φ e (µ) with the Fermi level varying near the Dirac point of the surface states. Thus the rest of electronic states in Eq.
(1) are irrelevant and summation in Φ e (µ) can be safely restricted by the spectrum of surface Dirac fermions with
where v F is the electron Fermi velocity near Dirac point, σ the Pauli matrix of electron spin, (2) can be expressed as
where Following Eqs. (3) and (1), Φ e (µ) is an even function of G x = G sin θ that determines the dependence Φ e (µ) = −K eff (µ) sin 2 θ and proportionality K eff (µ) ∼ G 2 in low-order expansion on G. Similar relation remains for ∆Φ e (µ) = Φ e (ε D ) − Φ e (µ), which reflects the variable part of the TI mediated anisotropy energy
Here A is the area of FMI/TI interface and
where D 0 is introduced for convenience sake. Whether the variation of ∆K eff (µ) is capable to cant over M depends on symmetry and magnitude of total magnetic energy F of the nanomagnet. It is convenient to approximate the actual shape of the FMI (e.g. rectangular parallelepiped) by triaxial ellipsoid with homogeneous magnetization over the whole volume V . At such approach the free energy can be simplified to normal form
where first term describes the energy of demagnetizing field, and last one represents the magnetic anisotropy, which includes independent on µ part Φ e (ε D ) of PEI and tensionmediated term with uniaxial anisotropy, N ij the components of demagnetizing tensor. In the principal coordinates i, j = x, y, z, this tensor becomes diagonal, N ij = N i δ i,j , with principal values
where i N i = 1 and Q i = q + a 2 i with lengths a x , a y , a z of the ellipsoid principal axes. If they coincide with crystalline axes, the free energy per unit volume can be brought into canonical form
with u an (m) = U an (m)/V . In the case of planar FMI/TI structure (i.e. An example of the alternative approach assumes the FMI with intrinsic uniaxial crystalline anisotropy in form of hard y-axis. In such a case the anisotropy term is
where K 1 > 0, K u accumulates the effects of crystal lattice distortion, which, in turn, vary with crystal doping, the strain at interfaces with TI and spacer layer attached on opposite sides, and PEI accounted for Φ e (ε D ). Thus, this parameter depends on particular device implementation.
The total magnetic energy expressed in spherical coordinate of m (i.e., m x = sin θ cos ϕ; m y = sin θ sin ϕ; m z = cos θ, see Fig. 1 ) is shown in Fig. 3(a) we suggest to evoke a proximity induced effective magnetic field
(e is the electron charge, L z is the FMI thickness) which accompany the spin polarized TI surface current J. 27, 28 This field can be used to choose the path to the desired valley by the current direction. 
where γ is the gyromagnetic ratio, α the Gilbert damping factor and the effective field 
